Background: Progressive myelination during adolescence implicates an increased vulnerability to neurotoxic substances and enduring neurocognitive consequences. This study examined the cognitive manifestations of altered white matter microstructure in chronic marijuana and alcohol-using (MJ + ALC) adolescents. Methods: Thirty-six MJ + ALC adolescents (ages 16-19) and 36 demographically similar controls were evaluated with diffusion tensor imaging (Bava et al., 2009) and neurocognitive tests. Regions of group difference in fractional anisotropy (FA) and mean diffusivity (MD) were analyzed in relation to cognitive performance. Results: In users, lower FA in temporal areas related to poorer performance on attention, working memory, and speeded processing tasks. Among regions where users had higher FA than controls, occipital FA was positively associated with working memory and complex visuomotor sequencing, whereas FA in anterior regions was negatively associated with verbal memory performance. Conclusions: Findings suggest differential influences of white matter development on cognition in MJ + ALC using adolescents than in non-using peers. Neuroadaptation may reflect additive and subtractive responses to substance use that are complicated by competing maturational processes.
Introduction
Adolescent substance use continues to be a prevalent concern, stimulating widespread initiatives aimed at better understanding the developmental consequences of early and chronic exposure. Marijuana and alcohol are often used in tandem, and are consistently the most frequently used substances among teens (Schweinsburg, Brown, & Tapert, 2008) (SAMSHA, 2007) . Harmful effects of marijuana and alcohol span physiological, social, and psychological functioning (Macleod et al., 2004; Tucker, Ellickson, Collins, & Klein, 2006a , 2006b . Given the extent of neuromaturation occurring during this time, the neurobiological and neurocognitive vulnerabilities associated with combined marijuana and alcohol use are of great interest.
The principal active component of marijuana, delta9-tetrahydrocannabinol (delta9-THC), produces complex alterations in cognition and behavior (Fant, Heishman, Bunker, & Pickworth, 1998; Johns, 2001; Solowij et al., 2002) . Brain regions with high densities of cannabinoid receptors include the frontal cortex, hippocampus, basal ganglia, cerebellum, amygdala, and striatum (Eggan & Lewis, 2006; Freedland, Whitlow, Miller, & Porrino, 2002; Pontieri, Conti, Zocchi, Fieschi, & Orzi, 1999; Quickfall & Crockford, 2006) . Human studies provide evidence for increased metabolism (Block et al., 2002; Mathew et al., 2002) , decreased gray matter density (Matochik, Eldreth, Cadet, & Bolla, 2005) and atypical activation within these regions (Eldreth, Matochik, Cadet, & Bolla, 2004; Kanayama, Rogowska, Pope, Gruber, & Yurgelun-Todd, 2004) . Similarly, chronic alcohol exposure is associated with cortical and white matter (WM) volume loss in the hippocampus, cingulate, corpus callosum, cerebellum, and frontal brain regions (De Bellis et al., 2000 , 2005 Harris et al., 2008; Medina et al., 2008; Nagel, Schweinsburg, Phan, & Tapert, 2005; Pfefferbaum, Adalsteinsson, & Sullivan, 2006) .
Indication that chronic marijuana and alcohol use may detrimentally influence the developing brain comes from neuroimaging studies showing a more distributed functional network and recruitment of alternate neural pathways (Jacobsen, Pugh, Constable, Westerveld, & Mencl, 2007; Schweinsburg, Nagel et al., 2008 , Schweinsburg et al., 2005 Tapert et al., 2001 Tapert et al., , 2004 Tapert et al., , 2007 ; weaknesses in neurocognitive functioning especially attention, visuospatial functioning, and learning and retrieval of verbal and nonverbal information (Brown, Tapert, Granholm, & Delis, 2000; Medina et al., 2007; Tapert & Brown, 1999 , 2000 Tapert, Granholm, Leedy, & Brown, 2002) ; morphological changes (Medina et al., 2008; Nagel et al., 2005) ; and anisotropic differences in
